SUMMARY A metodology is described for noninvasive recording of the electrical activity generated by the His-Purkinje system of man utilizing filtering, high amplification, and signal averaging. A waveform ranging between 1 and IO,V was observed during the P-R segment. In many individuals, there was temporal overlap between the terminal P wave and the initial portion of the His-Purkinje waveform. In ten patients with long P-R intervals there was a strong correlation RECENT REPORTS have described the use of signal averaging to obtain recordings from the His-Purkinje system on the body surface'`3 and the epicardial surface4 of dogs. Several experimental means, including atrial pacing, administration of procainamide and ischemic and traumatic injury to the His-Purkinje system were used to substantiate the conclusion that these potentials represented activation of the His bundle and bundle branches.
RECENT REPORTS have described the use of signal av- eraging to obtain recordings from the His-Purkinje system on the body surface'`3 and the epicardial surface4 of dogs. Several experimental means, including atrial pacing, administration of procainamide and ischemic and traumatic injury to the His-Purkinje system were used to substantiate the conclusion that these potentials represented activation of the His bundle and bundle branches.
Several reports5-'0 have described initial applications of this technique to man. This study was done to further outline the methodology for human application and to point out some of the potential uses and present limitations of the signal averaging technique which have become apparent during the early applications.
Methods
Patients were asked to lie on a comfortable bed in a small acoustically quiet room (originally designed for phonocardiographic studies). This room is conducive to a restful state and its metal walls are grounded to insure an electrically shielded environment. All sources of 60 Hz power to the room were eliminated.
A bipolar lead was attached across the patient's chest. Various lead axes were studied, including an anterior (+ pole) to posterior (-pole) lead at the nipple level; a diagonal lead between the apex (+ pole) and right pectoral area (-pole); and a lateral to lateral lead between the ECG positions of V, (+ pole) and V6R (-pole). Most data were obtained with the last configuration. The bipolar lead was amplified with a battery powered low noise (< l, volt) differential preamplifier (gain = 1000) placed next to the patient's bed. The output of this amplifier was directed through a small hole in the wall to an adjacent room housing the rest of the equipment. After this initial stage of ampli-fication the signal was filtered with a variable bandpass (Krohn-Hite, Model 3750). The low frequency cutoff was varied between 2 and 80 Hz (24dB/octave) and the high frequency cutoff was set at 300 Hz (24dB/octave). Usually the bandwidth was 10-300 Hz or 20-300 Hz. The signal was also amplified by a factor of ten by these filters. The final stage of analog processing was a variable gain, high voltage amplifier (Analog Devices, Model 171) adjustable between gains of 1 to 500. The total gain of the system was on the order of 5 X 10'.
This conditioned signal was then converted to a digital format (Hewlett Packard Analog to Digital Converter, Model 5610, 10 bits of resolution, sampling rate = 2.5 KHz per channel) for processing by a minicomputer (Hewlett Packard Model 2100A). The relatively high sampling rate for ECG signals" enhances the visual resolution of the signal thus decreasing the digitized (discontinuous) appearance of the waveforms. A magnetic tape system stores the averaged waveforms for future processing and analysis. The signals were averaged for 50 to 200 cardiac cycles, most commonly 100 cycles. The square wave response of the system shows no ringing and the response to sine waves of frequencies of 15, 50, and 100 Hz shows slight diminution of amplitude and moderate phase shift in the passband of 10-300 Hz.
To determine the onset of ventricular activation three roughly orthogonal bipolar chest leads were examined at the recording speed (1000 mm/sec) of the digitized display, but with intermediate gains, i.e., between standard ECG recordings and the highly amplified ECG. The earliest departure of the QRS complex from baseline on any of the three leads was chosen as the time of earliest ventricular activation. All measurements were made with this time reference which is marked in the figures with an arrow and labeled QRS. The lead marked ECG in each figure represents the output of the preamplifier and is comparable in gain to standard ECG leads. It is not necessarily the lead that showed earliest ventricular activation. In only a few cases was there a discrepancy between the leads of greater than 5 msec in measuring the onset of ventricular activity, and in no case was this observed to be greater than 10 
Results
Reproducibility of recorded signals with repeated averages was a prerequisite for acceptance of the cardiac origin of the signals. In this study, a complete record usually consisted of an ECG lead (see Methods), and at least three serially obtained recordings from the same highly amplified surface averaged lead. Figure 2 is an example of data obtained from a normal 20-year-old male volunteer. The onset of the QRS of the ECG is indicated on the right of the top trace. The "isoelectric" interval precedes the QRS complex. The three surface averaged leads (SAL) shown below the ECG were obtained serially in order to observe the reproducibility of the waveforms in the P-R segment. context does not necessarily mean exactness, but similarity. The proximity of the high level atrial activity (P) prevents unequivocal demarcation of the end of atrial activity and the onset of the His-Purkinje system activity. The magnitude of the waveforms in the P-R segment range from 2 to 10 gV.
In those subjects where the duration of atrial activity overlapped with His-Purkinje system activity, we attempted to selectively attenuate terminal atrial potentials by high pass filtering. The results of stepwise increases in the low frequency cutoff are shown in figure 3 which contains recordings from the normal subject of figure 2. Each trace was obtained with the same lateral-lateral lead axis and gain setting, but the low frequency cutoff was increased from 10 to 60 Hz in 10 Hz increments. Note the emergence of several prominent waveforms. Each trace was aligned with the onset of the QRS marked by the heavy vertical line. There is a slight phase shift to the left due to the interaction of high and low pass filters. However, atrial and His-Purkinje waveforms remain continuous.
To eliminate the ambiguity involved with selecting the onset of His-Purkinje activity, patients with long P-R intervals were studied. With sufficient A-V nodal delay, atrial ac- Purkinje system waveform preceding the QRS was consistently seen in patients with long P-R segments or fine atrial fibrillation. Figure 6 shows five SAL recordings (A-E). Each trace in this figure was obtained after averaging 300 cardiac cycles. On the right, a solid verticle line used for alignment signifies the onset of the QRS of each of the respective ECGs of the subjects. The duration of the waveforms range between 39 and 72 msec. Trace B was obtained from the patient with atrial fibrillation described in figure 5 and trace C is from the patient described in figure 4 . Panels A, D and E were obtained from other patients with first degree block. There is a gross morphological similarity of these waveforms. Each was obtained using the lateral-lateral lead axis and was filtered betweeen 10-300 Hz.
In ten patients, His bundle electrograms were clinically indicated. These patients had the surface recording study performed either immediately before or after the catheter procedure. Table 1 Two criteria must be met before a signal averaged recording can be considered valid. First, the averaging window, in this case the P-R segment, must maintain a constant time relationship with a predetermined fiducial point, in this case, an instant within the QRS complex. Absence of this temporal stability is referred to as "jitter" and results in a smoothing and eventual deterioration of the averaged waveform. The repeated superimposition of specific inflections of the ECG such as the nadir of the S wave on a high speed oscilloscope triggered by the QRS detector indicates a fixed time relationship between ventricular activity and the trigger, i.e., the absence of jitter.
A second criterion for validation of a signal averaged record is the degree of reproducibility of serially obtained averages. As alluded to in the results, reproducibility of the His-Purkinje waveform refers to the gross similarity of the waveforms versus a strict point by point exactness. The reason for these differences is due to the statistical nature of signal averaging and the variability of the interfering noise. This reproducibility of repeated averages indirectly assures that the interfering noise has been reduced to a significantly smaller amplitude than the true signal. In cases of random noise, it is well known that the signal-to-noise ratio increases by the square root of the number of cycles averaged. Random physiological and electronic noise are in this category. Careful attention to the reduction of 60 Hz interference was effective in limiting this type of noise to only a few microvolts. Signal averaging further reduces this type of noise. The low level of the His-Purkinje system potentials at the body surface (I-lOV) posed a formidable recording problem. Occasionally, satisfactory signal-to-noise ratios were not achieved even after signal averaging. Although the recording environment is conducive to a restful state, overly alert or anxious subjects produced skeletal muscle potentials and motion artifacts resulting in high levels of unresolved noise. Nevertheless, in only three of 40 subjects did we fail to record reproducible waveforms coincident with activation of the His-Purkinje system. In the study of Furness et al. 9 it was noted that activity corresponding to the His-Purkinje system was recorded in only 30% of the patients studied. The authors point out that more stable QRS detection and greater reduction of AC interference would aid these recordings. These authors used only an amplitude scheme of QRS detection for triggering and their records were taped in the catheterization laboratory for subsequent signal averaging. Recording on magnetic tape provided another source of noise.
In normal subjects, overlap of atrial and His-Purkinje activity often prevented a clear demarcation between the two types of activity ( fig. 2 ). In this case it was not possible to equate the onset of His bundle activation with the onset of reproducible waveforms preceding the QRS because the entire averaging window contained reproducible potentials. With the high gains employed, atrial activity extends much further into the P-R segment than indicated on the standard ECG."4 On the assumption that atrial activity and HisPurkinje activity might have significantly different frequency components, it was anticipated that the problem of temporal overlap could be overcome by high pass filtering. This expectation was not realized because overlap in frequency content prevented elimination of atrial activity without serious degradation of the His-Purkinje waveform.
The possibility remains that high pass filtering may sufficiently attenuate atrial potentials to allow recognition of the higher frequency His-Purkinje waveform within the continuum of activity. The records of figure 3 provide some promise of success. Higher frequency waveforms are recognizable beginning about 40 msec prior to the QRS, a time when His-Purkinje activation should begin in the normal subject. We cannot be certain that these waveforms do not represent higher frequency components of the terminal P wave which fortuitously coincide with the onset of HisPurkinje activation. Data from a large number of normal subjects will provide a firmer basis for deciding whether it is possible to distinguish His-Purkinje waveforms in a continuum of activity after appropriate high pass filtering. If, in many records, there is consistently a distinguishable higher frequency waveform beginning 40-50 msec prior to the QRS despite differing P-R intervals among subjects, it will be reasonable to conclude that these higher frequency signals are generated by the His-Purkinje system. In conclusion we have shown that in human subjects a waveform representing activation of the His-Purkinje system can be recorded from the body surface with the signal averaging technique. In subjects with normal P-R intervals, contamination of the waveform with atrial potentials has so far been a problem which requires further attention but does not appear insoluble. The duration of the waveform correlates well with the H-V interval, but further studies are required to characterize normal and diagnostically abnormal configurations of the waveform. Long term studies are also needed to assess the predictive capabilities of the HisPurkinje system waveform.
